13
C]octanoate in neonatal mouse livers revealed normal contribution of this fatty acid to the hepatic TCA cycle. Interestingly, octanoate-derived carbon labeled glucose uniquely in livers of PPAR␣-KO neonates. Relative hypoketonemia in newborn PPAR␣-KO animals could be mechanistically linked to a 50% decrease in de novo hepatic ketogenesis from labeled octanoate. Decreased ketogenesis was associated with diminished mRNA and protein abundance of the fate-committing ketogenic enzyme mitochondrial 3-hydroxymethylglutaryl-CoA synthase (HMGCS2) and decreased protein abundance of the ketogenic enzyme ␤-hydroxybutyrate dehydrogenase 1 (BDH1). Finally, hepatic triglyceride and free fatty acid concentrations were increased 6.9-and 2.7-fold, respectively, in suckling PPAR␣-KO neonates. Together, these findings indicate a primary defect of gluconeogenesis from glycerol and an important role for PPAR␣-dependent ketogenesis in the disposal of hepatic fatty acids during the neonatal period.
peroxisome proliferator-activated receptor-␣; metabolic adaptation to birth; 3-hydroxymethylglutaryl-CoA synthase; glucose homeostasis; ketone body metabolism; nuclear magnetic resonance substrate fate mapping NUTRIENT SUPPLY AND ORGANISMAL BIOENERGETICS shift dramatically at birth, when a continuous transplacental nutrient stream replete with carbohydrates ceases and is replaced by a cyclically interrupted high-fat, low-carbohydrate milk diet (19, 44) . Thus, the neonatal liver must coordinate inductions of hepatic fatty acid oxidation, ketogenesis, and gluconeogenesis to meet the metabolic demands required for adaptation to extrauterine life (19, 44) . Fatty acid oxidation yields high-energy phosphates and reducing equivalents used to fuel the endergonic reactions of hepatic gluconeogenesis and acetyl-CoA, which is converted to ketone bodies through ketogenesis. Although glucose produced in the liver is the primary fuel source for the neonatal brain, ketone bodies serve as an important glucosesparing fuel source, particularly for the brain, heart, and skeletal muscle (6, 11, 38, 44) .
The ketone body metabolism pathway is a high-capacity energy conduit between the liver and extrahepatic tissues that can dispose of up to two-thirds of the fat entering the liver (47) . In liver mitochondria, a series of ketogenic reactions catalyzed by mitochondrial thiolases, mitochondrial 3-hydroxymethylglutaryl-CoA synthase (HMGCS2; fate-committing), and HMGCoA lyase convert acetyl-CoA derived from ␤-oxidation of fatty acids into the ketone body acetoacetate (AcAc), which is reduced to ␤-hydroxybutyrate (␤OHB) by ␤OHB dehydrogenase 1 (BDH1; reviewed in Refs. 6, 11, 30, and 38) . Within mitochondria of extrahepatic tissues, BDH1 oxidizes ␤OHB to AcAc. Terminal oxidation of ketone bodies in extrahepatic tissues requires covalent activation of AcAc by CoA, which is catalyzed by mitochondrial succinyl-CoA-3:oxoacid CoA transferase (SCOT), the fate-committing enzyme of ketone body oxidation. SCOT is uniquely required for ketone body oxidation, and thus oxidation of ketones does not occur in its absence (11) .
Germline SCOT-knockout (KO) mice all die within the first 48 h of life with hyperketonemic hypoglycemia in a manner that phenocopies human sudden infant death syndrome (9, 10) . Surprisingly, ketone body oxidation is dispensable for survival of the neonatal period and starvation in adulthood when individually eliminated from cardiomyocytes, skeletal myocytes, or neurons, which comprise the three greatest consumers of ketone bodies (12) . Paradoxically, ketone body oxidation, an exclusively extrahepatic process (33, 46) , coordinates hepatic metabolic homeostasis by preventing toxic accumulation of ketone bodies, which alters hepatic pyruvate metabolism and fatty acid oxidation, inhibits ketogenesis, and oxidizes redox potential in liver (10) . Thus, interorgan coordination of ketogenesis and ketone body oxidation is critical for the preservation of hepatic intermediary metabolism, which is vital during the transition to extrauterine life.
The nuclear receptor peroxisome proliferator-activated receptor-␣ (PPAR␣) is a master transcriptional regulator of hepatic intermediary metabolism (28, 35) . Fasted adult PPAR␣-KO mice exhibit hypoglycemia, hypoketonemia, and hepatic steatosis (23, 24) . In response to fatty acids, PPAR␣ is thought to promote ketogenesis by inducing fibroblast growth factor 21 (Fgf21), enzymatic mediators of fatty acid oxidation, and Hmgcs2 transcription (3, 7, 8, 20, 39) . Significant overlap exists between the bioenergetic challenges faced during fasting and during the transition to birth. Therefore, we applied highresolution measurements of dynamic metabolism, using 13 Clabeled substrates and systems physiology approaches in neo-natal mice to determine the mechanisms by which PPAR␣ supports successful adaptation to birth.
METHODS
Animals. PPAR␣-KO mice on the C57BL/6J background were acquired from the Jackson Laboratory, and PPAR␣-KO and wild-type control mice were maintained in our colony as C57BL/6N X C57BL/6J hybrids for at least 10 generations. Fed postnatal day zero (P0; the 1st day of postnatal life) mice were collected within 4 h of birth. All P1 (2nd day of postnatal life) mice were maintained with the dam through the first 30 h after birth and milk fed. The presence of gastric milk spots was confirmed in all mice by both visual inspection of the abdomen prior to experimentation and examination of the gastric contents after euthanization. Breeder pairs were maintained at 22°C on a standard polysaccharide-rich chow diet (Lab Diet 5053) and autoclaved water ad libitum. Lights were off between 1800 and 0600. All experiments consisted of mouse pups that were harvested from at least three litters derived from three different breeder pairings and were conducted using protocols approved by the Animal Studies Committee at Washington University.
Plasma metabolite quantification. Serum total ketone bodies were determined using standard biochemical assays coupled to colorimetric substrates, as described previously (45) . Blood glucose was measured in duplicate using handheld glucometers (Aviva).
Tissue metabolite quantification. Hepatic triacylglycerol (TAG) and free fatty acid (FFA) concentrations were quantified biochemically using a Folch extract of liver, as described previously (13) .
Gene expression analysis. Quantification of gene expression was performed using real-time RT-quantitative PCR using the ⌬⌬C T approach as described (45) , normalizing to ribosomal protein L32 (Rpl32), using primer sequences listed within Table 1 .
Immunoblotting. Lysates from liver were generated in a protein lysis buffer: 20 mM Tris·HCl, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% phosphatase inhibitor cocktail (Sigma), and protease inhibitor cocktail (complete mini EDTA-free; Roche), pH 7.5. Immunoblots to detect HMGCS2 (rabbit anti-mHMGCS; Santa Cruz Biotechnology), BDH1 (rabbit anti-BDH1; Proteintech Group), and actin (rabbit anti-actin; Sigma) were performed as described (9) . Band intensities were quantified densitometrically using Quantity One software (Bio-Rad Laboratories).
Glucose, glycerol, and pyruvate tolerance tests. Glucose, glycerol, and pyruvate tolerance were measured in fed P0 or P1 mice (as indicated in the text and figure legends) that had been removed from the dam and maintained on a heating pad for the duration of the experiment. For glucose tolerance tests, neonates were injected intraperitoneally (ip) with 4% glucose dissolved in milliQ H 2O (2 g/kg body wt). Blood glucose was measured at 15 min and at 60 min after glucose administration via tail snip and decapitation, respectively. For glycerol and pyruvate tolerance tests, neonates were injected with 4% glycerol or 4% pyruvate, respectively, in phosphate-buffered saline (2 g/kg body wt). Blood glucose was measured prior to glycerol or pyruvate administration via tail snip and 45 min after glycerol or pyruvate administration via decapitation.
In vivo substrate utilization. P0 or P1 mice were injected ip with either 20 mol of [U- 13 C]glycerol or 10 mol/g body wt sodium [1,2,3,4- 13 C4]octanoate (Cambridge Isotope Laboratories). After intraperitoneal injections, neonatal mice were maintained on a heating pad for 20 min and euthanized by decapitation, and livers were rapidly freeze-clamped in liquid N2. Neutralized perchloric acid tissue extracts were profiled using 13 C-edited proton nuclear magnetic resonance (NMR) measured at 11.75 T (Varian/Agilent Direct Drive-1) via first increment gradient heteronuclear single-quantum correlation (gHSQC). Signals were collected from extracts dissolved in 275 l of D 2O ϩ 1 mM trimethylsilyl propionate (TSP) and loaded into highprecision, thin-walled, 5-mm tubes (Shigemi). Quantification of signals by integration of the 1 H{ 13 C} and 13 C-edited (gHSQC) collec- Table 1 . Primers
RT-qPCR Primers
Sequence (5=-3=)
CGGAAATCATATCCAACCAG TGAGGACCGCTAGCAAGTTTG qPCR, quantitative PCR; Acaa2, acetyl-CoA acyltransferase 2; Acadl, long-chain acyl-CoA dehydrogenase; Acadm, medium-chain acyl-CoA dehydrogenase; Acads, short-chain acyl-CoA dehydrogenase; Acadvl, very long-chain acyl-CoA dehydrogenase; Acat1, mitochondrial acetoacetyl-CoA thiolase; Acox1, acyl-CoA oxidase; Bdh1, ␤-hydroxybutyrate dehydrogenase 1; Cpt1a, carnitine palmitolytransferase 1a; Fabp1, fatty acid-binding protein; G6pc, glucose-6-phosphatase; Gpd1, cytosolic glycerol phosphate dehydrogenase; Gpd2, mitochondrial glycerol phosphate dehydrogenase; Gyk, glycerol kinase; Hmgcl, hydroxymethylglutaryl-CoA lyase; Hmgcs2, 3-hydroxymethylglutaryl-CoA synthase; Rpl32, ribosomal protein L32; Pck1, phosphoenolpyruvate carboxykinase; Me1, -2, and -3, malic enzyme 1, 2, and 3, respectively; Pcx, pyruvate carboxylase; Ppargc1a, peroxisome proliferator-activated receptor-␥ coactivator-1␣. tions of carbon 2 for taurine, carbon 4 for ␤OHB, carbon 1 for glucose, and carbon 4 for glutamate were as described previously (9) . Fractional enrichments of 13 C-labeled glucose, glutamate, and ␤OHB and tissue concentrations (pool sizes) of glucose, taurine, glutamate, and ␤OHB were calculated as described previously (10, 45) by dividing taurine-normalized integral values for each queried metabolite derived from the gHSQC collections by the corresponding integral value obtained from the 1 H{ 13 C} collections. Because signal from 13 C-labeled glycerol obscured the taurine signal on gHSQC, integrals were normalized to TSP and adjusted by an attenuation factor of 1.4624, which was determined via calibration using TSP and glucose standards.
Tandem mass spectrometry analysis of blood amino acids and acylcarnitines. Blood was spotted onto 1.3-cm spots on Whatman 903 filter paper. Amino acids were quantified as butyl ester derivatives, using multiple precursor/product combinations in a reversed-phase liquid chromatography protocol coupled to tandem mass spectrometry (15) . Carnitine esters were measured by scanning for the precursors of the common m/z 85 carnitine fragment. Quantification was achieved in all cases by using stable isotope 2 H-labeled internal standards, using an electrospray ionization source coupled to an API 3200-Qtrap tandem mass spectrometer (Applied Biosystems).
Statistical analysis. All results are presented as means Ϯ SE. Student's t-tests or two-way ANOVA assessments with Bonferroni post hoc analysis were performed as appropriate, using GraphPad Prism (version 5.0).
RESULTS

PPAR␣-deficient neonates exhibit hypoglycemia due to impaired gluconeogenesis from glycerol.
During fasting, the switch to a lipid-dominated nutrient supply provokes hypoglycemia in adult PPAR␣-KO mice (23, 24) . Similarly, the shift to a high-fat, low-carbohydrate milk diet caused hypoglycemia in neonatal PPAR␣-KO mice. On the 1st day of life, P0, glycemia did not differ between wild-type and PPAR␣-KO neonates (Fig. 1A, left) . As expected, wild-type neonates increased glycemia significantly between P0 and P1 (27.9 Ϯ 3.7 vs. 54.1 Ϯ 5.8 mg/dl; n Ͼ 10/group, P Ͻ 0.001; Fig. 1A , open bars), whereas in contrast, PPAR␣-KO neonates failed to increase glycemia between P0 and P1 (Fig. 1A , black bars), and on P1, blood glucose concentrations were significantly lower in PPAR␣-KO neonates compared with control mice (33.6 Ϯ 2.8 vs. 54.1 Ϯ 5.8 mg/dl, respectively, n Ͼ 10/group, P Ͻ 0.001; Fig. 1A , right). Glucose tolerance tests in P0 and P1 mice demonstrated that glucose disposal was not significantly different between wild-type and PPAR␣-KO neonates (Fig. 1 , B and C), suggesting that impaired hepatic gluconeogenesis might underlie the hypoglycemia observed in PPAR␣-KO neonates on P1. Whereas hepatic mRNA abundances of the gluconeogenic mediators phosphoenolpyruvate carboxykinase (Pck1), glucose-6-phosphatase (G6pc), glycerol kinase (Gyk), and cytosolic glycerol phosphate dehydrogenase (Gpd1) did not differ between groups of mice on P0 or P1, expression of mitochondrial glycerol phosphate dehydrogenase (Gpd2) was significantly lower in PPAR␣-KO neonates on P0 and P1 (Fig. 2, A-E). Furthermore, peak blood glucose concentrations were lower in P0 PPAR␣-KO neonates following intraperitoneal glycerol administration (glycerol tolerance test; 44.13 Ϯ 4.27 vs. 63.2 Ϯ 3.46 mg/dl, n Ͼ 15/group, P Ͻ 0.01; Fig. 2F ), suggesting that PPAR␣-KO neonates exhibited impaired conversion of glycerol (which is normally liberated by lipolysis from milk-derived triacylglycerols) to glucose. To directly quantify hepatic conversion of glycerol into glucose in P1 neonates, we utilized proton-edited 13 C-NMR spectroscopy to measure contribution of [ 13 C]glycerol to gluconeogenesis. After a 20-min incubation with [
13 C]glycerol (20 mol/g body wt), P1 neonates were euthanized and their livers extracted to determine glucose enrichment via NMR. Although glucose pools following treatment were similar in both groups (Fig. 2G , right), [ 13 C]glucose enrichment from [ 13 C]glycerol was more than twofold higher in control compared with PPAR␣-KO neonates (58.0 Ϯ 2.1 vs. 28.4 Ϯ 2.7% enrichment, n ϭ 5/group, P Ͻ 0.0001; Fig. 2G, left) . Hypoglycemia and impaired gluconeogenesis from glycerol are associated with a protein catabolic state, as tandem mass spectrometric analysis of circulating amino acids revealed significantly increased concentrations of most amino and organic acids in PPAR␣-KO neonates on P1 (Table 2 ). These results indicate that PPAR␣ supports glycemia during adaptation to birth at least in part by promoting gluconeogenesis from glycerol.
Loss of PPAR␣ does not disrupt terminal oxidation of medium-chain fatty acids in neonatal liver. PPAR␣ is thought to influence hepatic energy metabolism through transcriptional regulation of the mediators of fatty acid oxidation, which is critical for gluconeogenesis. Surprisingly, hepatic mRNA abundances of certain known PPAR␣ target genes involved in fatty acid oxidation, including peroxisome proliferator-activated receptor-␥ coactivator-1␣ (Ppargc1a), carnitine palmitolytransferase 1a (Cpt1a), and acyl-CoA oxidase (Acox1), were not different between groups of mice on either P0 or P1 ( Fig. 3, A-C) . In contrast, hepatic mRNA abundance of the liver-type fatty acid-binding protein (Fabp1) was decreased significantly in P1 PPAR␣-KOs, as were the abundances of the fatty acid oxidation mediators very-long-(Acadvl), long-(Acadl), medium-(Acadm), and small-chain (Acads) acyl-CoA dehydrogenases (Fig. 3, D-H ). Despite these transcriptional changes, tandem mass spectrometric analysis of circulating acylcarnitine concentrations in PPAR␣-KO and wild-type P1 neonates revealed strikingly few significant differences between these groups, indicating appropriate enzymatic processing of these lipid species in PPAR␣-KO neonates (Table 3) . Thus, next we quantified directly the hepatic mitochondrial fates of the medium-chain fatty acid [ 13 C]octanoate in neonatal mice using NMR spectroscopy. First, we quantified contribution of [ 13 C]octanoate to the hepatic tricarboxylic acid (TCA) cycle. Following a 20-min incubation with [ 13 C]octanoate (10 mol/g body wt), neonates were euthanized and livers extracted for NMR profiling. 13 C-enrichment of glutamate, which serves as a quantitative surrogate for the contribution of [ 13 C]acetyl-CoA derived from a 13 C-labeled substrate to the TCA cycle (22) , was normal in both P0 and P1 PPAR␣-KO animals (Fig. 3I, left) . Total hepatic glutamate concentrations (pools) did not differ between groups of mice on P0 or P1 (Fig.  3I, right) , nor did concentrations of taurine, a normalizing metabolite that is not labeled by [
13 C]octanoate (Fig. 3J) . As expected, negligible [ (Fig. 4A, left) . However, on P1, whereas 13 C enrichment of glucose from [
13 C]octanoate remained at background in livers of wild-type animals, 13 C enrichment of glucose from [ 13 C]octanoate was nearly threefold greater in livers of PPAR␣-KO neonates compared with wild-type mice (3.1 Ϯ 0.7 vs. 1.1 Ϯ 0.1% enrichment, n Ͼ 3/group, P ϭ 0.0013; Fig.  4A, right) . Octanoate administration to P1 PPAR␣-KO mice was also associated with a modest but insignificant rise in total hepatic glucose pools (Fig. 4B) , potentially reflecting an ability of this fatty acid to stimulate gluconeogenesis. Importantly, in this experiment, the total hepatic glucose pool was not decreased in PPAR␣-KO neonates. These results suggest Values are means Ϯ SE; n ϭ 6/group. P1, 2nd day of postnatal life; PPAR␣-KO, peroxisome proliferator-activated receptor-␣-knockout. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 by Student's t-test, as indicated. that in the absence of PPAR␣ signaling, the relative contribution of [ 13 C]octanoate-derived, 13 C-labeled TCA cycle intermediates to the gluconeogenic precursor pool in neonatal liver is increased.
To determine whether alterations of pyruvate metabolism contribute to increased [ C]octanoate, we first quantified the messages for the primary enzymatic mediators of pyruvate metabolism. The mRNA abundance of cytoplasmic malic enzyme (Me1), which catalyzes the NADP ϩ / NADPH-dependent oxidoreduction between pyruvate and malate, thus linking gluconeogenesis to the TCA cycle, was decreased in livers of PPAR␣-KO neonates by ϳ50% on P1 (Fig. 4C) . Hepatic mRNA abundances of mitochondrial pyruvate carboxylase (Pcx) and mitochondrial malic enzymes 2 (Me2) and (Me3) did not differ between PPAR␣-KO and wild-type neonatal mice on either P0 or P1 (Fig. 4, D-F) . However, serum pyruvate/lactate ratios were increased approximately threefold in PPAR␣-KO mice on P1 (0.07 Ϯ 0.01 vs. 0.03 Ϯ 0.01, n ϭ 6 -8/group, P ϭ 0.0012; Fig. 4G, left) , which was attributable to increased serum pyruvate concentrations (69.2 Ϯ 7.2 vs. 27.6 Ϯ 5.8 M, n ϭ 7-8/group, P ϭ 0.0006; Fig. 4G, middle) , as serum lactate concentrations did not differ between groups (Fig. 4G, right) . Finally, following ip pyruvate injections, PPAR␣-KO neonates exhibited decreased maximal blood glucose levels (Fig. 4H) . However, because the magnitude of glucose excursion was no different between groups, decreased blood glucose concentrations following pyruvate injection could simply reflect basal hypoglycemia.
Hepatic steatosis is linked to impaired ketogenesis in PPAR␣-deficient neonates. We next determined whether loss of PPAR␣, a known positive regulator of Hmgcs2 transcription and ketogenesis in adult mice, disrupts ketogenesis during the ketogenic neonatal period (6, 19, 23, 24, 38, 39) . Circulating total ketone body concentrations were significantly lower in PPAR␣-KO neonates on P1 (0.51 Ϯ 0.03 vs. 0.80 Ϯ 0.10 mM, n Ͼ 5/group, P Ͻ 0.01; Fig. 5A ). Blunted ketonemia was associated with a threefold decrease in Hmgcs2 transcript abundance on P1 (n ϭ 8/group, P ϭ 0.02; Fig. 5B ). Bdh1 transcript abundance increased significantly between P0 and P1 in livers of both wild-type and PPAR␣-KO neonates, and there was no diminution in transcript abundance in livers of PPAR␣-KO newborn animals (Fig. 5C) . Additionally, transcript abundances of other key enzymatic mediators of ketogenesis, including HMG-CoA lyase (Hmgcl) and the mitochondrial thiolases acetoacetyl-CoA thiolase (Acat1) and acetyl-CoA acyltransferase 2 (Acaa2), were all significantly decreased in PPAR␣-KO neonates compared with controls on P1 (Fig. 5, D-F) . Whereas livers from PPAR␣-KO neonates exhibited substantially decreased Hmgcs2 mRNA abundance on P1, immunoblots of neonatal hepatic extracts revealed modest discordance between Hmgcs2 transcript and HMGCS2 protein abundance. Hepatic HMGCS2 protein abundance was only ϳ25 and ϳ20% lower in PPAR␣-KO neonates on P0 and P1, respectively. Moreover, HMGCS2 protein abundance increased significantly, by ϳ25%, between P0 and P1 in both groups (Fig. 5G, middle) . Hepatic BDH1 protein abundance was also decreased ϳ25% on P1 in PPAR␣-KO neonates and, unlike livers of wild-type mice, did not increase from P0 to P1 (Fig. 5G, right) .
To determine whether the observed decreases in the abundances of enzymatic mediators of hepatic ketogenesis in neonatal PPAR␣-KO mice were associated with impaired ketogenesis, we performed NMR profiling of [
13 C]octanoate metabolism in neonatal livers and found that blunted ketonemia could be linked directly to impaired de novo ketone body synthesis. 13 C enrichment of ␤OHB from [ 13 C]octanoate was decreased ϳ33% on P0 and ϳ50% on P1 in PPAR␣-KO livers (Fig. 6A, left) . Because total hepatic ␤OHB content did not differ between genotypes on P0 or P1 (Fig. 6A, right) , the decrease in 13 C-␤OHB enrichment reflects decreased de novo ketogenesis. Moreover, the trend toward a decrease in the total hepatic ␤OHB pool in P1 PPAR␣-KO neonates confirms that the diminished fractional enrichment of 13 C-␤OHB from [ 13 C]octanoate mice cannot be attributed to an increase in the total ␤OHB pool. Finally, to determine whether the observed ketogenic defect in livers of neonatal PPAR␣-KO mice was associated with an inability to adequately dispose of dietary fat, we quantified both FFA and those esterified as TAG. Livers of PPAR␣-KO and control neonates demonstrated similar concentrations of hepatic TAG and FFA on P0. However, livers of P1 PPAR␣-KO mice exhibited significant steatosis, accumulating 6.9-fold greater hepatic [TAG] (23.6 Ϯ 3.9 vs. 3.3 Ϯ 1.6 mg/g live;, n ϭ 6 -7/group, P Ͻ 0.0001) and 2.7-fold greater [FFA] (2.7 Ϯ 0.23 vs. 1.0 Ϯ 0.3 nmol/mg liver; n ϭ 6 -7/ group, P Ͻ 0.0001) than controls (Fig. 6, B and C) . these results suggest an important role for PPAR␣-dependent ketogenesis in prevention of hepatic steatosis in neonatal mice.
DISCUSSION
The transition to extrauterine life provokes marked shifts in nutrient availability and energy metabolism. In contrast to the carbohydrate-replete nutrient state experienced in utero, the neonatal energy economy is dominated by lipid metabolism. Therefore, it is surprising that mice deficient in PPAR␣, a master regulator of lipid metabolism, survive the neonatal period. Using NMR spectroscopy and tandem mass spectrometry to quantitatively map substrate fate in neonatal liver and systems physiology approaches, we have dissected metabolic defects exhibited by PPAR␣-KO neonates. These mice are relatively hypoglycemic, which was mechanistically linked to decreased gluconeogenesis, particularly from glycerol. Whereas livers of PPAR␣-KO mice exhibited normal expression of certain key mediators of fatty acid oxidation, expression of the fatty acid oxidation enzymes small-, medium-, long-, and very long-chain acyl-CoA dehydrogenases was decreased in the livers of P1 PPAR␣-KO neonates. Nonetheless, circulating acylcarnitine profile of P1 PPAR␣-KO remained strikingly normal, and terminal oxidation of the medium-chain fatty acid octanoate was also normal in the livers of these mice. Unlike fatty acid oxidation, ketogenesis was markedly impaired in PPAR␣-KO neonates. These mice displayed hypoketonemia due to a 50% decrease in hepatic ketogenesis that was linked to decreased expression of ketogenic enzymes and was associated with hepatic steatosis. Together, our results identify a critical role for PPAR␣-dependent ketogenesis in the disposal of hepatic fatty acids in the neonatal period.
Hypoglycemia, hypoketonemia, and hepatic steatosis in PPAR␣-KO neonates phenocopy fasted adult PPAR␣-KO mice (23, 24) . The mechanisms underlying fasting hypoglycemia in adult PPAR␣-KO mice remain controversial. The results of Patsouris et al. (34) , which linked hypoglycemia at least in part to decreased hepatic glucose production from glycerol in adult PPAR␣-KO mice, are consistent with our data in neonatal PPAR␣-KO mice, whereas the work of others indicated preserved gluconeogenesis from glycerol in adult PPAR␣-KO mice (48) . Here, we used NMR spectroscopy to quantitatively demonstrate that PPAR␣-KO neonates do not convert [
13 C]glycerol into hepatic glucose as effectively as wild-type neonates. Although increased glucose disposal could theoretically drive hypoglycemia, adult PPAR␣-KO mice actually exhibit decreased basal peripheral glucose disposal (34) , and glucose tolerance did not differ in neonatal PPAR␣-KO mice from controls, suggesting that increased glucose disposal is not responsible for the hypoglycemia observed in these animals. Therefore, diminished gluconeogenesis from glycerol is likely a major contributing mechanism to the relative hypoglycemia observed in neonatal PPAR␣-KO mice. Increased circulating pyruvate (with normal lactate) concentrations in neonatal PPAR␣-KO mice and the inability of exogenous pyruvate to completely restore glycemia suggest that a modest impairment of gluconeogenesis from pyruvate may also contribute to relative hypoglycemia. Finally, as in fasted adult PPAR␣-KO mice, which exhibit enhanced amino acid catabolism and increased urea cycle activity (27) , the concentrations of most circulating amino acids are increased in PPAR␣-KO neonates. Together, these results suggest that amino acid mobilization partially compensates for impairments of gluconeogenesis and ketogenesis. Since hepatic fatty acid oxidation supports gluconeogenesis, impaired fatty acid oxidation is frequently offered as a cause of hypoglycemia in PPAR␣-KO mice. However, because of the technical challenges associated with directly measuring the contribution of fatty acids to the TCA cycle, ketonemia is often used as a surrogate that reports fatty acid oxidation. Here, we interrogated the activities of the fractional contribution of acetyl-CoA to the TCA cycle and to ketogenesis in neonatal liver, using NMR to map the fate of [ 13 C]octanoate, a mediumchain fatty acid that readily enters the mitochondrial matrix independently of allosterically regulated mitochondrial CPT-1A (30). Although we cannot rule out the possibility of inadequate very long-and long-chain fatty acid oxidation, our results suggest that an impairment of terminal fatty acid oxidation does not contribute directly to hypoglycemia or hepatic steatosis in PPAR␣-KO neonates, because the contribution of [ 13 C]octanoate to the acetyl-CoA entering the TCA cycle was normal in livers of these mice, and circulating acylcarnitines were normal on P1. It is nonetheless conceivable that overall TCA cycle flux is decreased in the livers of PPAR␣-KO neonates, yielding a diminished rate of terminal fatty acid oxidation. The precise role of PPAR␣ in governing TCA cycle flux is controversial and may differ across tissues and physiological states. Gélinas et al. (18) demonstrated normal TCA cycle flux in hearts of adult PPAR␣-KO mice despite a decrease in the proportional contribution of oleate to oxidative cardiac metabolism. Conversely, the data of Makowski et al. (27) suggested that TCA cycle flux is decreased in skeletal muscle of adult PPAR␣-KO mice, and the findings of Satapati et al. (40) indicate that PPAR␣ agonists increase hepatic TCA cycle flux in adult animals. However, to our knowledge, hepatic TCA cycle flux has not been quantified in PPAR␣-KO mice. Although our methods did not directly quantify TCA cycle flux, our results are most consistent with the notion that hepatic TCA cycle flux is relatively normal in livers of PPAR␣-KO neonates, because [ 13 C]glutamate enrichment from [
13 C]octanoate is normal in the presence of normal total glutamate hepatic pools. Livers of PPAR␣-KO neonates may exhibit a subtle defect of ␤-oxidation, particularly in longerchain fatty acids, that precludes maximal stimulation of ketogenesis but still generates enough acetyl-CoA to support normal TCA cycle contribution, leading to hypoketonemia despite normal terminal fatty acid oxidation. Taken together, our data indicate that neonatal PPAR␣-KO mice are unlikely to exhibit a major defect of terminal hepatic fatty acid oxidation and also indicate that ketogenesis is a poor biomarker for terminal fatty acid oxidation, as ketonemia and ketogenesis are suppressed in PPAR␣-KO neonates, whereas contribution of ␤-oxidationderived acetyl-CoA to the TCA cycle is preserved. Surprisingly, livers from neonatal PPAR␣-KO mice exhibited enriched [ 13 C]glucose from [ 13 C]octanoate. Fatty acid carbons do not normally contribute to gluconeogenesis, because rates of pyruvate carboxylation to the TCA cycle intermediates oxaloacetate and malate and subsequent efflux into gluconeogenesis (pyruvate cycling) are thought to greatly exceed TCA cycle flux in liver (5, 26) , although recent studies using novel tracer methods in humans in vivo have challenged this paradigm (4). It is important to note that labeling of glucose from 13 C-labeled fatty acids observed in livers of neonatal PPAR␣-KO mice does not reflect net gluconeogenesis from fatty acids. Unlike lower organisms, mammals are not known to channel acetyl-CoA carbon directly into glucose due to the absence of the glyoxylate cycle enzymes isocitrate lyase and malate synthase (14) . Acetyl-CoA entering the mammalian TCA cycle instead passes through two obligatory decarboxylation reactions catalyzed by isocitrate dehydrogenase and ␣-ketoglutarate dehydrogenase before generating gluconeogenic intermediates (malate/oxaloacetate), and because 2 mol of carbon is lost as CO 2 for every mole of acetyl-CoA that enters the mammalian TCA cycle, net gluconeogenesis from fat does not occur. Thus, the most probable explanation for increased 13 C labeling of glucose from gluconeogenic intermediate pool from unlabeled endogenous glycerol, and potentially pyruvate, due to impaired gluconeogenesis from these substrates.
The marked degree of ketogenic suppression in livers of neonatal PPAR␣-KO mice appears disproportionate to the modest decreases in HMGCS2 and BDH1 protein abundances observed in hepatic extracts from these mice. Alterations of HMGCS2 acetylation and succinylation status could prospectively account for the apparent mismatch between 13 C-␤OHB enrichment and HMGCS2 and BDH1 protein abundance (36, 41) . Nonetheless, diminished ketogenesis in PPAR␣-KO mice was associated with neonatal fatty liver, as these mice exhibited marked increases in hepatic TAG and FFA concentrations. Together, these results suggest that PPAR␣-dependent ketogenesis is a critical pathway for the disposal of hepatic fat.
Nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH) affect approximately 1 billion individuals worldwide and incur significant morbidity and mortality (2, 25, 31) . Nonetheless, effective therapies that directly target NAFLD and NASH do not currently exist (37) . PPAR␣ deficiency in mice increases NASH susceptibility (1, 21) , and treatment with PPAR␣ agonists protects against diet-induced steatohepatitis in mice (21, 42) . Unfortunately, treatment with the PPAR␣ agonist fenofibrate does not decrease hepatic triglyceride content in human NAFLD (16, 17) . One resolution for this interspecies discrepancy is offered by the possibility that PPAR␣ agonists may stimulate ketogenesis more robustly in rodents than in humans (16, 29, 32, 43, 49) . Thus, further exploration of the specific role of ketogenesis in human NA-FLD pathogenesis may be warranted.
